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1
IMAGING CIRCUITS AND METHOD

BACKGROUND

Capacitive Transimpedance Amplifiers (CTIAs) are fre- 5
quently used 1n various arrangements to amplify the output
ol a photodiode, or other detector, to a usable voltage within
a read-out integrated circuit unit cell of a focal plane array.

A typical focal plane array includes a two-dimensional array

ol detector elements, or pixels (1.e., unit cells), orgamized by 10
rows or columns. CTIAs provide a low impedance to the
photodiode and 1solate the photodiode from the output
voltage of an operational amplifier in the CTIA. A feedback
capacitor within a feedback loop of the CTIA 1s generally
used to improve the stability of the CTIA. Conventional 15
imaging circuits generally also include a Correlated Double
Sampling (CDS) capacitor and employ CDS schemes to
improve noise performance. CDS 1s a method of noise
reduction 1 1maging circuits in which a reference voltage of

a pixel 1s removed from a signal voltage of the pixel at the 20
end of each integration period.

Existing schemes for imaging circuitry often utilize a
CTIA architecture and CDS techniques 1n combination with
sample-hold circuitry. For instance, many conventional
read-out 1ntegrated circuit unit cells include CTIA and CDS 25
architecture for processing a charge generated by a photo-
diode corresponding to the flux of light of various wave-
lengths at that photodiode. Often the charge 1s accumulated
at a capacitor within the circuit, which effectively integrates
the charge to produce an output voltage. The output voltage 30
corresponds to the intensity of the flux over a given time
interval, generally referred to as the integration interval.
Such circuits generally convey the output voltage to down-
stream components and reset the voltage of the capacitor to
a reset value. For instance, the output voltage may be 35
sampled and held at a sample-hold capacitor and periodi-
cally bled and digitized by circuitry associated with the unit
cell to generate one or more binary values.

SUMMARY OF THE INVENTION 40

Aspects and embodiments discussed herein are directed to
circuits and methods for imaging. In particular, aspects and
embodiments are directed to imaging circuits and methods
that 1mprove existing capacitive transimpedance amplifier 45
and correlated double sampling Read-Out Integrated Circuit
(ROIC) unit cell circuits. In various aspects, an attenuation
due to capacitive sharing between a CDS capacitor and a
sample-hold capacitor of conventional 1maging circuits 1s
avoided by selectively coupling the CDS capacitor into a 50
teedback loop of a C'TIA circuit of a unit cell circuit, thereby
driving the sample-hold capacitor directly with the CTIA
circuit, and without signal attenuation. Accordingly, techni-
cal advantages provided by aspects and embodiments may at
least include improved feasibility and noise performance, 55
relative to conventional architectures.

According to an aspect, provided 1s an 1maging circuit. In
one example, the imaging circuit includes a transimpedance
amplifier circuit including an amplifier and a feedback
capacitor coupled 1n a feedback path between an output of 60
the amplifier and an inverting mmput of the amplifier, a
correlated double sampling capacitor, a first switch selec-
tively coupled between a first terminal of the correlated
double sampling capacitor and the output of the amplifier
along a first path, a second switch selectively coupled 65
between a second terminal of the correlated double sampling,
capacitor and the output of the amplifier along a second path,

2

the second switch positioned to couple the correlated double
sampling capacitor 1into the feedback path 1n series with the
feedback capacitor when activated, and a sample-hold
capacitor coupled via a sample-hold switch to the output of
the amplifier.

According to an embodiment, the sample-hold switch
directly couples the output of the amplifier and the sample-
hold capacitor when activated. In one embodiment, the first
terminal of the correlated double sampling capacitor 1s a
negative terminal and the second terminal of the correlated
double sampling capacitor 1s a positive terminal. According
to an embodiment, the 1maging circuit further includes a
photodiode coupled to the inverting mput of the amplifier.

In one embodiment, the imaging circuit further includes a
voltage clamp coupled to the second terminal of the corre-
lated double sampling capacitor via a clamp switch. Accord-
ing to a further embodiment, the imaging circuit further
includes a controller i electrical communication with the
clamp switch, and during a noise sampling mode of opera-
tion the controller 1s configured to control the clamp switch
to sample KTC noise of the feedback capacitor onto the
correlated double sampling capacitor. In an embodiment,
during an integration mode of operation the transimpedance
amplifier circuit 1s configured to integrate a charge stored at
the feedback capacitor and generate an output voltage at the
output of the amplifier.

According to an embodiment, the controller 1s 1n further
clectrical communication with the first switch and the sec-
ond switch, and during a correlated double sampling mode
of operation the controller 1s configured to deactivate the
first switch and activate the second switch to remove the
kTC noise of the feedback capacitor from the output voltage.
In one embodiment, the controller 1s 1n further electrical
communication with the sample-hold switch, and during a
sample-hold mode of operation the controller 1s configured
to activate the sample-hold switch to directly sample the
output voltage onto the sample-hold capacitor.

According to an aspect, provided 1s an 1imaging method.
In one example, the imaging method includes sampling KTC
noise of a feedback capacitor coupled 1n a feedback path of
a transimpedance amplifier circuit onto a correlated double
sampling capacitor, generating an output voltage at an
output of an amplifier of the transimpedance amplifier
circuit based at least in part on a charge stored at the
teedback capacitor, switching the correlated double sam-
pling capacitor 1n series with the feedback capacitor to
remove the kTC noise of the feedback capacitor from the
output voltage, and sampling the output voltage to a sample-
hold capacitor directly coupled with the output of the
amplifier by a sample-hold switch.

In an embodiment, the method turther includes receiving,
a current from a photodiode coupled to the transimpedance
amplifier circuit. In one embodiment, sampling the KTC
noise of the feedback capacitor onto the correlated double
sampling capacitor includes controlling a clamp switch
between a voltage clamp and a positive terminal of the
correlated double sampling capacitor. According to an
embodiment, generating the output voltage at the output of
the amplifier includes integrating the charge stored at the
teedback capacitor. In an embodiment, switching the corre-
lated double sampling capacitor in series with the feedback
capacitor 1ncludes deactivating a first switch coupled
between a negative terminal of the correlated double sam-
pling capacitor and the output of the amplifier, and activating
a second switch coupled between the positive terminal of the
correlated double sampling capacitor and the output of the
amplifier. In an embodiment, the sample-hold capacitor 1s
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turther coupled to an mnput of a follower amplifier, and the
method further includes holding the output voltage of the

amplifier at the sample-hold capacitor, and sensing a
sample-hold voltage at the sample-hold capacitor.

According to another aspect, provided 1s a circuit for
imaging. In one example, the circuit includes a transimped-
ance amplifier circuit including an amplifier and a feedback
capacitor coupled in a feedback path between an output of
the amplifier and an mput of the amplifier, a correlated
double sampling capacitor having a first terminal and a
second terminal, switching means for sampling KTC noise of
the feedback capacitor onto the first terminal of the corre-
lated double sampling capacitor, and coupling the correlated
double sampling capacitor into the feedback path in series
with the feedback capacitor, and a sample-hold capacitor
coupled via a sample-hold switch to the output of the
amplifier.

According to an embodiment, the sample-hold switch
directly couples the output of the amplifier and the sample-
hold capacitor when activated. In an embodiment, the tran-
simpedance amplifier circuit 1s configured to integrate a
charge stored at the feedback capacitor and generate an
output voltage, and the switching means 1s positioned to
remove the KTC noise from the output voltage. According to
one embodiment, the first terminal of the correlated double
sampling capacitor 1s a negative terminal and the second
terminal of the correlated double sampling capacitor 1s a
positive terminal. In an embodiment, the circuit further
includes a photodiode coupled to the mverting mput of the
amplifier.

Still other aspects, embodiments, and advantages of these
exemplary aspects and embodiments are discussed 1n detail
below. Embodiments disclosed herein may be combined
with other embodiments 1n any manner consistent with at
least one of the principles disclosed herein, and references to
“an embodiment,” “some embodiments,” “an alternate
embodiment,” “various embodiments,” “one embodiment”
or the like are not necessarily mutually exclusive and are
intended to indicate that a particular feature, structure, or
characteristic described may be included i1n at least one
embodiment. The appearances of such terms herein are not
necessarily all referring to the same embodiment. Various
aspects and embodiments described herein may include

means for performing any ol the described methods or
functions.

22 4

BRIEF DESCRIPTION OF THE

DRAWINGS

Various aspects of at least one embodiment are discussed
below with reference to the accompanying figures, which are
not mtended to be drawn to scale. The figures are included
to provide illustration and a further understanding of the
various aspects and embodiments, and are incorporated in
and constitute a part of this specification, but are not
intended as a definition of the limits of the invention. In the
figures, each 1dentical or nearly identical component that 1s
illustrated 1n various figures 1s represented by a like numeral.
For purposes of clarity, not every component may be labeled
in every figure. In the figures:

FIG. 1 1s a schematic 1illustration of one example of a
known 1maging circuit;

FIG. 2 1s a schematic illustration of one example of an
imaging circuit 1n a first mode of operation according to
aspects of the invention;

FI1G. 3 1s a schematic 1llustration of the imaging circuit of
FIG. 2 shown 1n a second mode of operation, according to
aspects of the invention;
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FIG. 4 1s a schematic 1llustration of the imaging circuit of
FIG. 2 shown 1n a third mode of operation, according to
aspects of the invention;

FIG. 5 1s a schematic 1llustration of the imaging circuit of
FIG. 2 shown 1n a fourth mode of operation, according to
aspects of the invention; and

FIG. 6 1s an example process tlow according to aspects of
the 1nvention.

DETAILED DESCRIPTION

Aspects and embodiments are directed to 1maging circuits
and methods, and 1n particular to Read-Out Integrated
Circuit (ROIC) unit cell circuits. Various aspects and
embodiments include ROIC unit cells and methods that
improve existing capacitive transimpedance amplifier
(CTIA), correlated double sampling (CDS), and sample-
hold, unit cell circuits.

FIG. 1 1s a schematic diagram of an existing CTIA, CDS,
and sample-hold circuit design 100. The circuit 100 1includes
a floating CDS capacitor 102 coupled between an output of
the C'TIA 104 and a sample-hold capacitor 106. Accordingly,
the floating CDS capacitor 102 1s clamped by the KTC noise
(Johnson-Nyquist noise) level of the CTIA 104 output after
cach reset of the unit cell circuit 100. During a sample/hold
transier interval, the output of the CTIA 104 1s sampled
through the CDS capacitor 102 and into the sample-hold
capacitor 106. As a result of charge sharing attenuation
between the CDS capacitor 102 and sample-hold capacitor
106, the required value of the sample-hold capacitor 106 1s
driven much smaller than that of the CDS capacitor 102. The
attenuation may also result 1n the undesirable amplification
of noise from components within the circuit 100, such as the
sample-hold capacitor 106 and other downstream compo-
nents.

Accordingly, known arrangements require a fine balance
between CDS capacitor 102 values and sample-hold capaci-
tor 106 values to maintain an eflfective noise performance.
While 1t 1s desirable to select a sample-hold capacitor 106
having a value much smaller relative to the CDS capacitor
102 to limit charge sharing attenuation, selection of a
sample-hold capacitor 106 that 1s too small 1n value will
cause the kTC noise of the circuit 100 to increase. Further,

the noise of the circuit 100 1s twice eflected by the KTC noise
of a sample-hold reset switch 108; first when the KTC noise
1s charged “backwards™ into the CDS capacitor 102, and
second when the sample-hold capacitor 106 1s sampled (1.e.,
when a sample-hold switch 110 1s activated to snapshot the
output voltage). Since known arrangements, such as the
circuit 100 shown 1n FIG. 1, often require a CDS capacitor
of a much larger value than 1ts K TC limait, long clamp periods
are required. Long clamp periods create integration eflicien-
cies of the CTIA 104, and complicate a fast framerate
operation.

For example, conventional circuits may include a 411
temto-farad CDS capacitor 102 and a 110 femto-farad
sample-hold capacitor 106, which would result 1n an attenu-
[ approximately 0.78 1 the CDS capacitor 102

ation of
sample-hold capacitor 106 charge sharing. When using a 32
temto-farad feedback capacitor 112 within the CTIA 104 of
the conventional circuit 100, the resulting KTC noise of the
sample-hold capacitor 106 would be approximately 31.2e-,
while the kTC noise of the CDS capacitor 102 would be
approximately 18e-. Such an example illustrates that in
conventional circuits, the sample-hold capacitor KTC noise
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undesirably dominates the noise floor, as the CDS capacitor
cannot be made large enough relative to the sample-hold
capacitor value.

Accordingly, various aspects and embodiments described
herein 1mprove noise performance by reducing the input
referred noise of various known imaging circuits, and reduc-
ing the eflects of kKTC noise from circuit components. In
particular, various aspects and embodiments prevent attenu-
ation due to capacitive sharing between a CDS capacitor and
a sample-hold capacitor by selectively coupling the corre-
lated double sampling capacitor mnto a feedback loop of a
CTIA circuit, thereby driving the sample-hold capacitor
directly with the CTIA circuit.

It 1s to be appreciated that embodiments of the methods
and apparatuses discussed herein are not limited 1n applica-
tion to the details of construction and the arrangement of
components set forth in the following description or 1llus-
trated 1n the accompanying drawings. The methods and
apparatuses are capable of implementation 1 other embodi-
ments and of being practiced or of being carried out in
vartous ways. Examples of specific implementations are
provided hereimn for illustrative purposes only and are not
intended to be limiting. Also, the phraseology and terminol-
ogy used herein 1s for the purpose of description and should
not be regarded as limiting. The use heremn of “including,”
“comprising,” “having,” “containing,” “involving,” and
variations thereof 1s meant to encompass the items listed
thereafter and equivalents thereof as well as additional
items. References to “or” may be construed as inclusive so
that any terms described using “or” may indicate any of a
single, more than one, and all of the described terms. Any
references to front and back, left and right, top and bottom,
upper and lower, and vertical and horizontal are intended for
convenience of description, not to limait the present systems
and methods or their components to any one positional or
spatial orientation.

FIG. 2 shows a schematic 1llustration of one example of
an 1maging circuit according to aspects and embodiments.
The circuit 200 may include a transtmpedance amplifier
circuit 204, a CDS capacitor 202, a sample-hold capacitor
206, and one or more switching devices (1.e., switches). In
particular, the transtimpedance amplifier circuit 204 of vari-
ous embodiments may include an operational amplifier 208
having and inverting input and a non-inverting input, a
teedback capacitor 212 coupled in a feedback path of the
transimpedance amplifier 204 between the output 226 of the
amplifier 208 and an nverting input 228 of the amplifier
208, and a reset switch 220 coupled between the inverting
input 228 and the output 226 of the operational amplifier
208. In such an embodiment, a first switch 210 (e.g., an
integration switch) 1s positioned between a first terminal of
the CDS capacitor 202 and the output of the amplifier 226
along a first path indicated by arrow 234. A second switch
242 (e.g., a CDS switch) may be positioned between a
second terminal of the CDS capacitor 202 and the output 226
of the amplifier 208 along a second path 1indicated by arrow
236. Switches of various embodiments may include any
suitable switching device configured to be activated and
deactivated (1.¢., open and closed) by a controller 240, which
may include a microcontroller.

As shown in FIG. 2, the first terminal of the CDS
capacitor 202 may include a negative terminal and the
second terminal of the CDS capacitor 202 may include a
positive terminal. In various embodiments, the sample-hold
capacitor 206 1s coupled via a sample-hold switch 218 to the
output 226 of the amplifier 208. As shown, the sample-hold
switch 218 directly couples the output 226 of the amplifier
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6

208 and the sample-hold capacitor 206 when activated (i.e.,
closed). In various embodiments, the capacitive elements of
the circuit 200 may be reduced to relatively small values. In
particular embodiments, the circuit 200 may 1include a
sample-hold capacitor 206 and a CDS capacitor 202 having
substantially the same value. For instance, the CDS capaci-
tor 202 of one embodiment may have a capacitance value of
260 femto-farads and the sample-hold capacitor 206 may
have a capacitance value of 260 femto-farads. In such an
embodiment, the feedback capacitor 212 may have a capaci-
tance value of 32 femto-farads. However, various other
suitable values may be used 1n further embodiments.

As discussed in further detail below, the circuit 200 may
additionally include a photodiode 224, a voltage clamp 214,
and a follower amplifier 222. C , . 230 1s shown to represent
the parasitic capacitance of the corresponding detector, and
C,.- 232 1s shown to represent the parasitic capacitance as a
result of routing within the circuit 200 (e.g., metal wiring or
a metal-oxide-metal capacitor bottom plate). According to
one embodiment, the voltage clamp 214 i1s selectively
coupled to the second terminal of the CDS capacitor 202 via
the clamp switch 216. As shown in FIG. 2, the photodiode
224 may be coupled to the inverting mput 228 of the
amplifier 208 of the transimpedance amplifier circuit 204.
The particular photodiode 224 of various embodiments may
include any detector selected to be sensitive to a particular
wavelength of light. For instance, the photodiode 224 may
include a detector configured to generate a current respon-
s1ve to recerving wavelengths of light ranging from as small
as 0.3 microns up to 2.5 microns and greater. For example,
light of a desired wavelength may be generated by one or
more optical source of an associated 1llumination system.

In various embodiments, the follower amplifier 222 may
include an operational amplifier having an mput coupled to
the sample-hold capacitor 206, as FIG. 2 shows. As dis-
cussed herein, the sample-hold capacitor 206 of various
embodiments 1s configured to store and provide an inte-
grated signal from the CTIA circuit 204, for instance, to
downstream components such as the follower amplifier 222.
In one example, the follower amplifier 222 includes a (near)
unmty gain amplifier, such as a source follower. An output of
the follower amplifier 222 may be tied to a column bus,
along with an output of other unit cell circuits. In various
embodiments, the follower amplifier 222 1s configured to
sense a sample-hold voltage at the sample-hold capacitor
206 and drive such a voltage to the column bus.

FIG. 2 shows a schematic illustration of the circuit 200
during a first mode of operation, which 1n various embodi-
ments may be a noise sampling mode of operation, such as
a KTC noise sampling mode of operation. As previously
discussed, the kKTC noise of components within the circuit
200 may have undesirable effects on the circuit 200 and
downstream processes, such as imaging operations. In cer-
tain embodiments, the CTIA circuit 204 may include a
common source amplifier where the output voltage of the
CTIA circuit 204 1s a threshold voltage of a CTIA circuit 204
input transistor during activation of the reset switch 220.
That 1s, the output voltage of the operational amplifier 208
may be a common mode voltage (V) of the amplifier 208.
After the release of the reset switch 220, the feedback
capacitor 212 causes KTC noise 1n the output voltage, as
discussed herein. For purposes ol explanation, during the
sampling mode of operation, and after deactivation of the
reset switch 220 the output voltage of the operational
amplifier 208 may be represented as:

P

foier

— ch_l_ VkTC:
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where V__ 1s the virtual amplifier reference (e.g., equal to
the V, of the common source amplifier input transistor), and
VHC IS the K'TC noise caused by the feedback capacitor 212
alter the deactivation of the reset switch 220.

Accordingly, 1n various embodiments during a KTC sam-
pling period and after the immediate deactivation of the reset
switch 220, the voltage clamp 214 1s activated to sample the
kTC noise onto the CDS capacitor 202. In various embodi-
ments, the voltage clamp 214 fixes the upper and lower
extreme of an input wavetorm to a fixed DC voltage level,
which 1n this case may include the reset level of the CTIA
circuit 204. That 1s, during the first mode of operation, the
clamp switch 214 1s activated to sample the reset voltage and
the KTC noise caused by the feedback capacitor 212 on to
the CDS capacitor 202.

In various embodiments, the integrated photocurrent
across the feedback capacitor 212, V, . may be represented
as:

172 L

mr f( haro/(cﬁﬂ:z}nr)):

where [ , . 1s the current from the photodiode 224, C, 1s the
value of the feedback capacitor 212 (1.e., capacitance value),
and T, 1s the integration period. In certain embodiments,
the integration period of the circuit 100 may range from 1 ms
to 30 ms, and may be substantially the same as the frame rate
of operation of the circuit 200. As discussed above with
reference to FIG. 1, various conventional architectures
require large CDS capacitor values (relative to sample-hold
capacitor values) to minimize attenuation within the circuait.
Such arrangements require a corresponding long duration of
time to settle the reset level (1.e., the reset voltage and KTC
noise) alter deactivation of the reset switch. As the duration
can by significant, many conventional approaches sufler
from poor integration efliciency. In contrast, various aspects
and embodiments improve integration efliciency as the value
of the CDS capacitor 202 1s not directly proscribed by the
value of the sample-hold capacitor 206. In FIG. 2, the
voltage at the feedback capacitor 212 can be represented as:

V= (VeantVirc)=Vems

and the voltage at the CDS capacitor 202 can be represented
as:

V.:?.:fs :VClﬂmp—( V-:‘:m_l_ VkTC) "

where vClamp 1s the voltage of the voltage clamp 214.
As shown 1n FIG. 2, during the noise sampling mode, the
sample-hold switch 218 remains deactivated and the second
switch 242 remains deactivated. In various embodiments the
circuit 200 1s configured to transition from the first mode
(1.e., the noise sampling mode) to the second mode (1.e., an
integration mode) once the CTIA circuit 204 has settled the
kTC noise and reset voltage onto the CDS capacitor 202. For
instance, the controller 240 may deactivate the clamp switch
216 to transition from the first mode of operation and begin
integration based on a predetermined fixed delay period.
FIG. 3 shows a schematic illustration of the imaging circuit
200 of FIG. 2 1n an mntegration mode of operation (1.e., the
second mode of operation), according to various aspects and
embodiments. During the integration mode of operation, the
reset switch 220 remains deactivated, the first switch 210
remains activated, the second switch 242 remains deacti-
vated, the sample-hold switch 218 remains deactivated, and
the clamp switch 216 1s deactivated, for example, by the
controller 240. FIG. 3 shows such a configuration. During
the integration mode of operation, charge stored at the
teedback capacitor 212 1s eflectively integrated producing
an output voltage corresponding to the intensity of the flux
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8

received at the photodiode 224 over a given integration
interval. The output voltage 1s generated at the output 226 of
the amplifier 208.

In various embodiments, during the integration mode of
operation, the KTC noise caused by the feedback capacitor
212 1s held floating at the CDS capacitor 202. Just before a
third mode of operation during which the circuit 200 1s
configured to perform a snapshot sample of the output
voltage, the first switch 210 1s deactivated and the second
switch 242 1s activated to couple the CDS capacitor 202 1nto
the feedback loop of the C'TIA circuit 204 and 1n series with
the feedback capacitor 212, transitioning the circuit 200 1nto
the third mode of operation. In particular embodiments, the
first switch 210 and the second switch 242 are controlled
based on non-overlapping switching signals such that the
first switch 210 and the second switch 242 are controlled at
different moments 1n time. In various embodiments, during
the integration mode of operation, the output voltage of the
operational amplifier 208 may be represented as:

%

Crier

- ch_l_ VkTCF P:'n £

In such an embodiment, the voltage at the feedback capaci-
tor 212 may be represented as:

Vfb:( V.:':m_l_ If}’-’aﬂi’"ll’_:F I/z'n r)_ V.:fm?

and the voltage at the CDS capacitor 202 may be represented
as:

Vm:fs :VClEme— ( ch-l- VkTC)'

When the second switch 242 1s activated (i.e., closed) and
the first switch 210 1s deactivated (i.e., opened), the output
voltage of the operational amplifier 208 experiences an
instantaneous subtraction of the charge stored at the CDS
capacitor 202 (1.e., the previously stored kKTC noise of the
teedback capacitor 212). Accordingly, the only noise across
the feedback capacitor 212 may be negligible KTC parasit-
ics, as coupling the feedback capacitor 212 1n series with the
negative terminal of the CDS capacitor 202 eflectively
removes the KTC noise from the output voltage of the
amplifier 208. While discussed herein as separate from the
second mode of operation (1.¢., the integration mode), 1t 1s
appreciated that in various embodiments the third mode of
operation (1.e., a CDS mode) may be performed during the
integration mode of operation, and 1n particular, performed
at the end of the mtegration mode of operation. Accordingly,
the CDS mode of operation 1s discussed herein as separate
from the 1ntegration mode of operation for convenience of
explanation only.

FIG. 4 shows a schematic illustration of the read-out
integrated circuit 200 of FIG. 2 shown 1n the third mode of
operation, according to various aspects and embodiments.
During the third mode of operation, as shown, the reset
switch 220 remains deactivated, the first switch 210 1s
deactivated at a first moment 1n time, the second switch 242
1s activated at a second moment in time, the clamp switch
216 remains deactivated, and the sample-hold switch 218
remains deactivated. During the CDS mode of operation, the
voltage at the feedback capacitor 212 may be represented as:

ij:( V.:':m_l_ VkTC'_ I/I'}‘I r)_ V.:':m:

and the voltage at the CDS capacitor 202 may be represented
as:

Vc-:fs =vCl V.:fm VkT C )

As discussed above, 1n various embodiments the charge at
the CDS capacitor 202 remains constant during the integra-
tion phase, and accordingly, 1s held at the same value during
the CDS mode of operation. However, as a result of coupling

amp—(
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the CDS capacitor in series with the feedback capacitor 212
within the feedback path of the CTIA circuit 204, the circuit
200 1s configured to effectively subtract the kKTC noise from
the output voltage of the operational amplifier 208, which
may be represented as:

V .=V _+ Vﬁ+V e

cEier o

and reduced as follows:

P

cEier

— ch_l_ [( V.::*m_l_ VkTCF I/I'H r)_ ch]_l_[vClﬂ‘mp_( Vr:m_l_
Vire)]=vClamp-V,,,.

In various embodiments, following the CDS mode of
operation, the circuit 200 1s configured to transition to a
fourth mode of operation (e.g., a sample-hold mode of
operation). FIG. 5 1s a schematic 1llustration of the imaging
circuit 200 of FIG. 2 shown in a sample-hold mode of
operation, according to aspects and embodiments. During
the sample-hold mode of operation, the output voltage of the
amplifier 208 1s sampled directly onto the sample-hold
capacitor 206. In various embodiments, the sample-hold
capacitor 206 1s drniven directly by the CTIA circuit 204
output which avoids and removes additional noise created
by the operation of the sample-hold reset switch of conven-
tional schemes (e.g., switch 108 shown in FIG. 1). Further-
more, all gains are unmity to the CTIA circuit 204 output, as
the capacitance values of the CDS capacitor 202 and the
sample-hold capacitor 206 have a minimal eflect on the
voltage equations provided above.

In one embodiment, the noise after activating the reset
switch 220 may be further reduced by setting the value of the
CDS capacitor 202 about equal to the value of the sample-
hold capacitor 206. Such an implementation would balance
any input referred noise from the CDS capacitor 202 and the
sample-hold capacitor 206. This further improves on con-
ventional schemes, such as the layout shown in FIG. 1,
which would require a CDS capacitor of much larger value
than that of the sample-hold capacitor. Further still, setting
the value of the CDS capacitor 202 about equal to the value
of the sample-hold capacitor 206 permaits short clamp pulses,
which may further improve ethiciency during the integration
mode of operation.

Accordingly, during the sample-hold mode of operation,
the voltage at the feedback capacitor 212 may be represented
as:

Vﬁ:( ch_l_ VkT C Ifinr)_ V.:‘:m!

and the voltage at the CDS capacitor 202 may be represented
as:

V-:‘:-:fs :VClﬂmp—( V-:fm-l- VkTC) ’

as previously discussed. Further, the voltage at the sample-
hold capacitor 206 can be represented as:

V B VCH-H:VCIHIHP— I/I'HI

bt

Accordingly, various embodiments avoid charge sharing
attenuation and resolve the undesirable effects of KTC noise
within conventional 1imaging circuits, improving the overall
noise performance of the circuit 200.

As discussed above, various embodiments may include a
controller (e.g., controller 240) operatively connected to and
configured to activate and/or deactivate one or more of the
switches of various embodiments, such as the first switch
210, the second switch 242, the clamp switch 216, the
sample-hold switch 218, and the reset switch 220. The
controller 240 may include a single controller; however, 1n
various other embodiments the controller 240 may consist of
a plurality of controllers and/or control subsystems which
may include an external device, signal processing circuitry,
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or other control circuitry. In particular, the controller 240
may include analog processing circuitry (e.g., a microcon-
troller) and/or digital signal processing circuitry (e.g., a
digital signal processor (DSP)). For instance, the microcon-
troller of various embodiments may include a processor
core, memory, and programmable input/output components.
The controller 240 may be configured to automatically
control various components of the imaging circuit, such as
the one or more switching devices.

As described above with reference to FIGS. 2-5, several
embodiments perform processes that improve known
schemes for CTIA and CDS operation. In some embodi-
ments, these processes are executed by an imaging circuit,
such as the circuit 200 described above with reference to
FIGS. 2-5. One example of such a process 1s illustrated 1n
FIG. 6. According to this example, the process 600 may
include the acts of sampling kTC noise of a feedback
capacitor within a CTIA, generating an output voltage,
switching a CDS capacitor in series with the feedback
capacitor to remove the KTC noise, and sampling the output
voltage to a sample-hold capacitor. FIG. 6 1s discussed
within continuing reference to the circuit 200 shown in
FIGS. 2-5.

In act 602, the process 600 includes sampling kKTC noise
caused by the feedback capacitor within the feedback path of
the CTIA onto a correlated double sampling capacitor. As
described herein, such a process may be performed by the
circuit during a first mode of operation (e.g., a noise sam-
pling mode of operation). Following release of the reset
switch, the process 600 may include activating the voltage
clamp switch to sample the reset level of the circuit onto the
CDS capacitor. As discussed above, this includes the virtual
amplifier reterence (V. ) and the KTC noise caused by the
teedback capacitor when the reset switch 1s deactivated. In
various embodiments, during the first mode of operation the
process 600 may include controlling the first switch (e.g., the
integration switch) coupled between the first terminal of the
correlated double sampling capacitor and the output of the
amplifier along the first path to remain 1n an active position
(1.e., closed position), and controlling the clamp switch
between the voltage clamp and a second terminal of the
correlated double sampling capacitor to remain 1n an active
position (1.e., closed positioned).

As discussed herein, 1n various embodiments the circuit
may be configured to transition from the first mode (i.e., the
noise sampling mode) to the second mode (i.e., an integra-
tion mode). The second mode of operation may include one
or more processes for receiving a photocurrent and gener-
ating an output voltage at the output of the CTIA (act 604
and act 606). For example, in various embodiments the
process 600 may include generating an output voltage at an
output of the C'TIA based at least in part on a charge stored
at the feedback capacitor. During the integration mode of
operation, the reset switch remains deactivated, the first
switch remains activated, the second switch remains deac-
tivated, the sample-hold switch remains deactivated, and the
clamp switch remains deactivated. During the integration
mode of operation, the process 600 may include integrating
the charge stored at the feedback capacitor to produce a
voltage corresponding to the intensity of the flux recerved at
the photodiode over a given integration interval. The output
voltage 1s generated at the output of the CTIA.

In various embodiments, during the integration mode of
operation, the process 600 may include holding the kKTC
noise caused by the feedback capacitor at the CDS capacitor.
Just before a fourth mode of operation (i.e., the sample-hold
mode of operation), during which the process 600 may
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include performing a snapshot sample, the process 600 may
include deactivating the first switch and activating the
second switch to couple the CDS capacitor into the feedback
loop of the CTIA and 1n series with the feedback capacitor.
In various embodiments, deactivating the first switch
includes deactivating the first switch at a first time, and
activating the second switch includes activating the second
switch at a second time, such that the first switch and second
switch are activated based on non-overlapping switching
signals. In particular, this may include removing the kKTC
noise from the output voltage at the output of the amplifier
based on the charge stored at the CDS capacitor (act 608).
Accordingly, the only noise across the feedback capacitor at
this point 1s negligible KTC parasitics as coupling the
teedback capacitor 1n series with the negative terminal of the
CDS capacitor eflectively removes the KTC noise from the
output voltage. While discussed herein as a third mode of
operation separate from the second mode of operation (i.e.,
an 1ntegration mode), 1t 1s appreciated that in various
embodiments the third mode of operation may be performed
during the integration mode of operation, and 1n particular,
performed at the end of the integration mode of operation.
Accordingly, the CDS mode of operation 1s discussed herein
as separate from the integration mode of operation for
purposes ol explanation only.

In various embodiments, the third mode ol operation
transitions to the fourth mode of operation (1.e., the sample-
hold mode). In various embodiments, the fourth mode of
operation may include the act of sampling the output voltage
to a sample-hold capacitor directly coupled with the output
of the amplifier by a sample-hold switch (act 610). In
vartous embodiments, the sample-hold capacitor 1s driven
directly by the CTIA output which avoids and removes
additional noise created by the operation of the sample-hold
reset switch of conventional schemes (e.g., switch 108
shown i FIG. 1). Furthermore, all gains are unity to the
CTIA output, as the capacitance values of the CDS capacitor
and the sample-hold capacitor have a minimal effect on the
voltage equations provided above.

In further embodiments, the process 600 may include
holding the output voltage of the amplifier at the sample-
hold capacitor, and providing an integrated output signal. In
various embodiments, the process 600 may include one or
more processes for providing an output signal based at least
in part on the charge stored at the sample-hold capacitor. In
one example, the process 600 includes sensing a sample-
hold voltage at the sample-hold capacitor and driving the
sample-hold voltage to a column bus without draining the
charge stored at the sample-hold capacitor. For instance, the
process 600 may include buflering the sample-hold voltage
from the sample-hold capacitor to the column bus with a
source follower amplifier coupled to the sample-hold capaci-
tor.

Having described above several aspects of at least one
embodiment, 1t 1s to be appreciated various alterations,
modifications, and improvements will readily occur to those
skilled 1n the art. Such alterations, modifications, and
improvements are mtended to be part of this disclosure and
are intended to be within the scope of the invention. Accord-
ingly, the foregoing description and drawings are by way of
example only, and the scope of the invention should be
determined from proper construction of the appended
claims, and their equivalents.
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What 1s claimed 1s:

1. An 1imaging circuit comprising;:

a transimpedance amplifier circuit including an amplifier
and a feedback capacitor coupled in a feedback path
between an output of the amplifier and an 1nverting
input of the amplifier;

a correlated double sampling capacitor;

a first switch selectively coupled between a first terminal
of the correlated double sampling capacitor and the
output of the amplifier along a first path;

a second switch selectively coupled between a second
terminal of the correlated double sampling capacitor
and the output of the amplifier along a second path, the
second switch positioned to couple the correlated
double sampling capacitor into the feedback path 1n
series with the feedback capacitor when activated; and

a sample-hold capacitor coupled via a sample-hold switch
to the output of the amplifier.

2. The mmaging circuit of claim 1, wherein the sample-
hold switch directly couples the output of the amplifier and
the sample-hold capacitor when activated.

3. The mmaging circuit of claim 2, wherein the first
terminal of the correlated double sampling capacitor 1s a
negative terminal and the second terminal of the correlated
double sampling capacitor 1s a positive terminal.

4. The 1imaging circuit of claim 3, further comprising a
photodiode coupled to the inverting mput of the amplifier.

5. The 1imaging circuit of claim 1, further comprising a
voltage clamp coupled to the second terminal of the corre-
lated double sampling capacitor via a clamp switch.

6. The imaging circuit of claim 5, further comprising a
controller 1 electrical communication with the clamp
switch, wherein during a noise sampling mode of operation
the controller 1s configured to control the clamp switch to
sample KTC noise of the feedback capacitor onto the cor-
related double sampling capacitor.

7. The mmaging circuit of claim 6, wherein during an
integration mode of operation the transimpedance amplifier
circuit 1s configured to integrate a charge stored at the
teedback capacitor and generate an output voltage at the
output of the amplifier.

8. The imaging circuit of claim 7, wherein the controller
1s 1n further electrical communication with the first switch
and the second switch, and wherein during a correlated
double sampling mode of operation the controller 1s config-
ured to deactivate the first switch and activate the second
switch to remove the KTC noise of the feedback capacitor
from the output voltage.

9. The imaging circuit of claim 8, wherein the controller
1s 1n further electrical communication with the sample-hold
switch, and wherein during a sample-hold mode of operation
the controller 1s configured to activate the sample-hold
switch to directly sample the output voltage onto the sample-
hold capacitor.

10. An 1maging method comprising:

sampling kKTC noise of a feedback capacitor coupled 1n a
feedback path of a transimpedance amplifier circuit
onto a correlated double sampling capacitor;

generating an output voltage at an output of an amplifier
of the transimpedance amplifier circuit based at least 1n
part on a charge stored at the feedback capacitor;

switching the correlated double sampling capacitor in
series with the feedback capacitor to remove the KTC
noise of the feedback capacitor from the output voltage;
and

sampling the output voltage to a sample-hold capacitor
directly coupled with the output of the amplifier by a
sample-hold switch.
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11. The method of claim 10, further comprising receiving
a current from a photodiode coupled to the transimpedance

amplifier circuit.

12. The method of claim 10, wherein sampling the KTC
noise of the feedback capacitor onto the correlated double
sampling capacitor includes controlling a clamp switch
between a voltage clamp and a positive terminal of the
correlated double sampling capacitor.

13. The method of claam 12, wherein generating the
output voltage at the output of the amplifier includes 1nte-
grating the charge stored at the feedback capacitor.

14. The method of claim 13, wherein switching the
correlated double sampling capacitor in series with the
teedback capacitor includes deactivating a first switch
coupled between a negative terminal of the correlated
double sampling capacitor and the output of the amplifier,
and activating a second switch coupled between the positive
terminal of the correlated double sampling capacitor and the
output of the amplifier.

15. The method of claim 14, wherein the sample-hold
capacitor 1s further coupled to an input of a follower
amplifier, and the method further comprises:

holding the output voltage of the amplifier at the sample-
hold capacitor; and

sensing a sample-hold voltage at the sample-hold capaci-
tor.

10

15

20

25

14

16. A circuit for 1maging comprising:

a transimpedance amplifier circuit including an amplifier
and a feedback capacitor coupled in a feedback path
between an output of the amplifier and an put of the
amplifier;

a correlated double sampling capacitor having a first
terminal and a second terminal;

switching means for sampling KTC noise of the feedback
capacitor onto the first terminal of the correlated double
sampling capacitor, and coupling the correlated double
sampling capacitor into the feedback path 1n series with
the feedback capacitor; and

a sample-hold capacitor coupled via a sample-hold switch
to the output of the amplifier.

17. The circuit of claam 16, wherein the sample-hold
switch directly couples the output of the amplifier and the
sample-hold capacitor when activated.

18. The circuit of claim 16, wherein the transimpedance
amplifier circuit 1s configured to integrate a charge stored at
the feedback capacitor and generate an output voltage, and
wherein the switching means 1s positioned to remove the
kTC noise from the output voltage.

19. The circuit of claim 16, wherein the first terminal of
the correlated double sampling capacitor 1s a negative ter-
minal and the second terminal of the correlated double
sampling capacitor 1s a positive terminal.

20. The circuit of claim 19, further comprising a photo-
diode coupled to the mverting mput of the amplifier.
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